The Metropolitan Syracuse Wastewater Treatment Plant (METRO) discharges ~80 MGD of treated effluent to the waters of Onondaga Lake, the outflow of which is received by the Seneca River. Trophic conditions in the lake are severely degraded by this input. A dual discharge strategy has been proposed under which the effluent would be diverted to the river. This, together with companion management actions, would serve to restore water quality conditions in the lake. Periodically (i.e. under certain low flow conditions), it would be necessary to return some of the diverted effluent to the lake in order to avoid violation of the river dissolved oxygen standard. Return of the effluent to the lake has the potential to increase phosphorus concentrations above the guidance value established to protect water quality there.
Introduction
Onondaga Lake, a hypereutrophic system in Syracuse, New York, has been described as the most polluted lake in the United States (Effler and Hennigan, 1998) . Manifestations of degraded water quality include severe phytoplankton blooms, poor clarity, hypolimnetic oxygen depletion and subsequent accumulation of reduced species in the hypolimnion. This degradation is clearly linked to excessive phosphorus (P) loads, the greatest portion of which (>two-thirds; Effler 1996 ) is delivered by the Metropolitan Syracuse Wastewater Treatment Plant (METRO). Despite marked reductions in phosphorus loading over the past three decades, Onondaga Lake remains grossly polluted, exceeding by a wide margin the New York State guidance value for summer (mid-May to mid September) epilimnetic total phosphorus (TP epi = 20 µgP·L -1 ). Plans which have been considered for remediation of this case, and restoration of the lake, include diversion of the METRO effluent to the adjoining Seneca River (Figure 1 ). Subsequent invasion of the river system by zebra mussels (Dreissena polymorpha) captured a significant fraction of the river's dissolved oxygen (DO) resources reducing the river's ability to assimilate the METRO effluent. Subsequently, plans have been put in place to continue in-lake discharge by METRO with effluent TP concentrations reduced to 0.02 mg·L -1 (NYSDEC 1998). Effler et al. (2002) have pointed out that this level of phosphorus removal has not been demonstrated at any treatment plant of comparable size and question the likelihood of achieving the TP guidance value due to flaws in the supporting TMDL analysis. Rucinski et al. (2003) re-examined the diversion alternative, presenting a novel approach for utilizing the assimilative capacity of the lake-river system while protecting river oxygen resources and minimizing phosphorus loads to the lake. A dual discharge strategy was proposed, in which the diverted METRO effluent would be returned to the lake for periods where the oxygen resources of the river are in danger of being compromised. A software package, termed the RiverMaster Module supported development of the dual discharge strategy. The software integrates validated mechanistic mass balance models for Onondaga Lake (total phosphorus, Doerr et al. 1996) , and the Seneca River (dissolved oxygen, Canale et al. 1995) , updated to accommodate system specific changes since their publication. The total phosphorus model utilizes two completely mixed vertical layers to simulate the thermally stratified period. Its framework accommodates external (METRO, tributary inputs) and internal (sediment feedback) loading, vertical mass transport, including plunging inflows (Owens and Effler 1996) and losses to sedimentation and outflow. The model generates an annual time series of volume-weighted average TP concentrations for the epilimnion and hypolimnion. Dissolved oxygen in the Seneca River is modeled using a steadystate multi-segment approach (Canale et al. 1995) . The model framework includes two vertical layers, accommodating chemical stratification peculiar to this system. Kinetic processes treated by the model include algal photosynthesis and respiration, oxidation of carbonaceous and nitrogenous BOD, sediment oxygen demand, and in the revised version applied here, zebra mussel oxygen demand (Gelda and Effler 2002 ) Rucinski et al. (2003) demonstrated that the dual discharge approach would permit water quality standards (river DO) and guidance values (lake TP) to be met for a range of river flow conditions. Under certain low river flows, however, the METRO effluent must be returned to the lake. Work in progress seeks to quantify the frequency and magnitude of violations in the TP guidance value associated with these short-term in-lake discharges. Testing of the dual discharge strategy for low flow conditions requires consideration of several companion management options which have the potential to reduce the frequency and magnitude of violations of the TP guidance value. Here, we explore those options with the goal of establishing a base management scenario (i.e. combination of options) to serve in further testing the dual discharge strategy. 
Development of a Base Management Scenario
Companion management options support the dual discharge strategy either by reducing P inputs to the lake or by reducing demand on the assimilative capacity of the river. Lake-related options include levels of P removal at METRO, hypolimnetic oxygenation (to lower rates of sediment P release), reductions in nonpoint P contributions, and discharge of the METRO effluent to the lake's hypolimnion. River-related options include elimination of density stratification in the river, oxygenation of the METRO effluent, and attention to levels of CBOD and NBOD removal at METRO.
Lake-Related Management Options
Phosphorus loads to Onondaga Lake originate externally from the METRO effluent and nonpoint or tributary sources and internally via release from the sediments. The METRO contribution is relatively constant both among and within years. Nonpoint loads very interannually with fluctuations in the hydrologic regime and intra-annually with seasonal variation in tributary flow. The sediment contribution varies seasonally and is governed largely by redox conditions at the sediment-water interface. The relative contributions of these sources to TP epi is examined here by running the TP model with the METRO effluent TP at 0.55 mgP·L -1 , tributary TP loads for 1990 (a wet year, , and sediment P release at 13.3 mgP·m -2 ·d -1 (Auer et al. 1993) . Simulation results, illustrating predicted intraannual ( Figure 2a 
Enhanced METRO Effluent P Treatment
As the primary contributor of TP to the lake (Figure 2 ), METRO is the logical target for reductions in P loading. An implementation plan based on a TMDL analysis (NYSDEC, 1998) calls for reductions in the METRO effluent to 0.12 mgP·L -1 by the year 2006 with a further reduction to 0.02 mgP·L -1 by the year 2012. Effler et al. (2002) note that this latter effluent concentration represents a level not currently obtained by any treatment facility of comparable size in the United States. Here we conduct model simulations illustrating the impact of that implementation plan, and the diversion option on the phosphrous guidance value, TP epi .
As shown in Table 1 , proposed improvements in P removal at METRO can have marked impacts on TP epi . The effects of in-lake discharge at 0.02 mgP·L -1 and full diversion are similar, however the latter approach eliminates the uncertainty associated with heroic levels of treatment and the associated cost of facility upgrades.
The dual discharge strategy focuses on the diversion case. An effluent TP concentration in the diverted METRO effluent of 0.12 mgP·L -1 is selected here for subsequent analyses and development of the base management scenario. The basis for that decision is developed below.
Hypolimnetic Oxygenation
With the onset of hypolimnetic anoxia in early summer (Gelda and Auer 1996) , sediments release soluble phosphorus to the bottom waters. Because oxygen depletion occurs during a period of minimal vertical mixing, this P remains largely confined to the hypolimnion. Although the sediment contribution to TP epi is small for most of the year, epilimnetic entrainment of P-rich bottom waters in the fall can increase surface water concentrations where the onset of turnover overlaps the period of calculation for TP epi (Figure 2a) . Thus, internal loading can be of importance to the TP guidance value.
The present anoxic sediment phosphorus release rate (R sed ) is estimated to be 13.3 mgP·m -2 ·d -1 (Auer et al. 1993) . Reductions in P loading, resulting in a shift to a mesotrophic state, would be expected to reduce the duration and extent of anoxia and thus the sediment-P release rate (Gelda and Auer 1996) . Such a response has little immediate significance, however, as the time to steady-state for the sediment is on the order of 30 years (Penn et al. 1995) . Hypolimnetic aeration, i.e. maintenance of oxic conditions at the sediment-water interface, has been proposed as a means of reducing the internal load .
In laboratory experiments with intact cores from Onondaga Lake, Penn and Auer (2000) observed release rates averaging 3 mgP·m -2 ·d -1 under oxic conditions. The impact of reductions in sediment P release on TP epi is tested here by reducing R sed from 13.3 to 3.0 mgP·m -2 ·d -1 . Model runs made with METRO diverted and oxic conditions at the sediment-water interface reduce the TP epi from 33 to 28 µgP·L -1 . Given the benefits associated with hypolimnetic aeration beyond those related to sediment-P exchange (e.g. restoration of fish and benthos habitat), it is likely that this companion management option will be viewed favorably. Thus, a value of R sed corresponding to the oxic sediment-P rate is adopted for subsequent analyses and development of the base management scenario.
Nonpoint P Reductions
Nonpoint sources contribute significantly to the Onondaga Lake P budget (Figure 2 ). While there is valid concern that the present TMDL analysis for Onondaga Lake ignores the relative bioavailability of point versus nonpoint sources , tributary inputs represent the only manageable P source with METRO diverted and controls in place for sediment-P release. Simulations conducted to this point (METRO diversion plus sediment controls → TP epi = 28 µgP·L -1 ) indicate that an additional reduction of 8 µgP·L -1 is required to meet the TP guidance value. Model runs conducted using the 1990 tributary loading regime indicate that a 2-3 µgP·L -1 reduction in TP epi is achieved for each 10% reduction in nonpoint load. Thus a 30% reduction in the 1990 nonpoint load is required to achieve the TP epi guidance value. stated that a nonpoint loading reduction of this magnitude (30%) represented a reasonable upper bound for the watershed which could be achieved by capture and treatment of combined sewer overflows and incorporation of an aggressive land use management program (Effler and Whitehead 1996) . The 30% nonpoint P source reduction is carried forward in subsequent analyses and development of the base management scenario. It is noted, however, in relation to the dual discharge scenario, that negative impacts of returning the METRO effluent to the lake could be mitigated by additional nonpoint source controls.
Hypolimnetic Discharge
The final companion in-lake management option is a hypolimnetic or deep-water discharge (Owens and Effler 1996) . This alternative would reduce TP epi concentrations by routing the METRO effluent from the surface waters to the hypolimnion. Extended periods of deep-water discharge are known to alter stratification patterns and lead to epilimnetic entrainment of P-rich bottom waters (Owens and Effler 1996) .
Hypolimnetic discharge is considered here as a means of mitigating impacts when the METRO diversion is returned to the lake. For short-term, in-lake discharges, as would be associated with the dual discharge strategy, it is assumed that a hypolimnetic discharge will not impact stratification patterns. Model runs, building on the METRO effluent, sediment exchange, and nonpoint source scenarios developed above indicate increases in TP epi are on the order of 0.1 µgP·L -1 ·week -1 less for a hypolimnetic discharge than for a surface input. It is concluded that this benefit does not warrant the resources required for implementation and a surface discharge is adopted for subsequent analyses and development of the base management scenario.
METRO Effluent and the Dual Discharge Strategy
Under the dual discharge strategy, the METRO effluent would be periodically returned to the lake. Model runs were conducted to examine the rate of increase in TP epi during periods of in-lake discharge for different METRO effluent TP levels. As illustrated in Table 2 , reduction in the METRO effluent TP from 0.55 to 0.12 mgP·L -1 can substantially reduce the rate of increase in TP epi . Such is not the case for a METRO effluent TP reduction from 0.12 to 0.02 mgP·L -1 .
This further supports the choice of a METRO effluent TP concentration of 0.12 mgP·L -1 for subsequent analyses and development of the base management scenario.
River-Related Management Options
The goal of the dual discharge strategy is to fully utilize the capacity of the Seneca River for assimilation of the METRO effluent with no violation of the dissolved oxygen standard (4 mg·L -1 minimum, 5 mg·L -1 as a daily average) allowed. Periodically, under certain low river flow conditions, it would be necessary to return the METRO effluent to the lake. Any companion management options which serve to increase the assimilative capacity of the river or mitigate the impact of the METRO effluent will serve to reduce the magnitude and frequency of in-lake discharges and minimize cases where the lake TP guidance value is exceeded. Three options are considered here.
River Destratification
Onondaga Lake is ionically-enriched due to runoff from industrial waste beds along its shores and those of one of its tributary streams. Discharge of high density lake water to the Seneca River leads to vertical stratification during summer low flow periods when natural turbulence is insufficient to promote complete mixing. Chlorophyll-rich lake water becomes trapped in the low light bottom waters of the river and algal respiration depletes oxygen resources.
At present, violations of the river oxygen standard (Canale et al. 1995) are closely linked to this phenomenon. Canale et al. (1995) proposed that these impacts could be mitigated by destratification of the river. Model simulations are conducted here to evaluate the significance of that companion management option. Treatment of mass transport in the model framework is modified to accommodate both stratified (two layer) and un-stratified (single layer) conditions. Summer average flows and environmental conditions (e.g. temperature, light intensity) are used for this illustration.
Under stratified conditions, with an in-lake METRO discharge, the river oxygen standard is violated in the bottom waters (Figure 3a) . This scenario is representative of pre-diversion conditions. Diversion of the METRO effluent to the river has little impact on surface water oxygen levels (at these flows) and bottom water oxygen concentrations increase because attendant improvements in lake trophic state reduce algal biomass discharged from the lake, i.e. there is less respiration (Figure 3b ). Stratification continues to compromise the system's assimilative capacity, however, at levels which become significant under low flow conditions. Destratification (Figure 3c ) eliminates bottom water violations, distributing assimilative capacity throughout the water column. The destratification option is adopted for subsequent analyses and development of the base management scenario. 
Oxygenation of the METRO Effluent
Diversion of the METRO effluent, with its residual CBOD and NBOD, to the Seneca River draws upon the assimilative capacity of the system. Under low flow conditions, diversion can lead to violations of the river dissolved oxygen standard (Rucinski et al. 2003) . Because no violations are permitted under the dual discharge strategy, periodic return to in-lake discharge becomes necessary. Reductions in the magnitude and duration of in-lake discharges can be achieved by increasing oxygen levels in the METRO effluent.
At present, the METRO effluent is discharged at approximately 100% saturation. Speece et al. (1990) suggest that effluent oxygenation can achieve levels of 150 -200% of saturation. Model simulations are performed here to examine the sensitivity of the river response to effluent oxygenation under critical low flow conditions. Model output (Figure 4) demonstrates that river oxygen levels are increased at the point of effluent discharge, reducing the minimum value in the sag curve. The magnitude of the river oxygen response is on the order of 1 mg·L -1 for a range in saturation values of 100-200% (Figure 4) . Because it will likely not be required on a regular basis, effluent oxygenation is not incorporated in the base management scenario. An effluent saturation value of 100% will be used instead. It is recognized, however, that effluent oxygenation holds promise as a companion option which would reduce the frequency and duration of TP epi violations and it will be considered in that regard in future work. 
METRO Effluent BOD and the Dual Discharge Strategy
Although the METRO discharge permit limits effluent CBOD 5 to 21 mg·L -1 , the plant is presently achieving much better removals, with effluent CBOD 5 values averaging 6.4 mg·L -1 (for the 12-month period ending September 2002). It is reasonable to assume that this treatment efficiency will be maintained in the future. Following upgrades currently under way, the METRO discharge permit will require that summer effluent NH 3 -N concentrations not exceed 1 mg·L -1 (ACJ, 1998). Effluent CBOD 5 concentrations presently realized and the NBOD concentration dictated by the new permit will be used in the base management scenario.
Establishment and Application of the Base Management Scenario
A suite of companion management options were tested to assess their potential for increasing the assimilative capacity of the lake-river system. Such increases will aid in minimizing violations of the TP guidance value for Onondaga Lake, while preventing violations of the dissolved oxygen standard in the Seneca River. Companion management options and attendant actions which form the base management scenario for testing the dual-discharge option are presented in Table 3 . Table 3 . Base management scenario for testing the dual-discharge (diversion) strategy.
Management Option
Selected Action effluent P removal METRO effluent P = 0.12 mgP·L The dual discharge strategy represents a novel and attractive means of fully utilizing assimilative capacity for a river-lake-watershed system severely burdened by anthropogenic stress. Rucinski et al. (2003) demonstrated that the dual discharge approach is feasible, but noted that uncertainty exists in the frequency and magnitude of violations of the lake TP guidance value associated with maintenance of adequate levels of dissolved oxygen in the river. Future work will address this concern by coupling probabilistic and mechanistic modeling approaches to assess dual discharge impacts for low flow conditions. The establishment of a base management scenario as presented here is an important contribution to that effort.
